Chromatin is a dynamic structure formed mainly by DNA and histones and, chemical modifications on these elements regulate its compaction. Little is known about histone carbonylation, a PTM that may be related to modifications in the cellular redox environment. The aim of our study was to determine the carbonylation of the different histones during cell proliferation, a moment in cell life where important redox changes take place.
Introduction
Chromatin, a macromolecular complex composed of DNA and protein, is the heritable material of eukaryotic cells. The nucleosome is the repeating unit of the chromatin structure, in which DNA is wrapped around a core octamer unit composed by four histone proteins (H2A, H2B, H3 and H4 and/or their variants) assembled into the larger chromatin fiber including the linker histone H1. Histone linker H1 and its variant H1 0 participate in specific mechanisms by which individual domains of these linker histones interact to facilitate chromatin condensation [1] .
The histone proteins are subject to an extensive array of post-translational modifications (PTMs), including methylation, acetylation, ubiquitylation, SUMOylation, ADPribosylation, phosphorylation and citrullination [2] [3] [4] [5] that contribute to codify epigenetic information, the ultimate regulating step in gene expression [6, 7] .
One of the leading characteristics of cell nuclei is their capability to regulate their redox environment. It is assumed that the NAD+/NADH and NADP+/NADPH ratios are the same in the cytoplasm and the nucleus, thus there is no impediment for the diffusion of these molecules across the nuclear membrane [8, 9] . The concentration of free NADH in the nucleus has been estimated to be 130 nM [9] . The NAD+ is the substrate of poly(ADP-ribose) polymerase 1 catalyzing poly(ADP-ribosyl)ation of target proteins [10] .
In addition, glutathione (GSH) can detoxify free radicals, hydrogen peroxide and other peroxides, and regulate critical cellular and metabolic processes [11, 12] . GSH is found in a fairly high concentration of approximately 10 mM within cells and previous results
obtained by our group demonstrate that GSH concentrates within the nucleus when most cells are proliferating [13] . However, GSH concentration decreases and redistributes uniformly between nucleus and cytoplasm when cells reach confluence [13] .
Thus, the nucleus must be in a reduced state to facilitate proliferation and to protect DNA [14, 15] . Indeed redox dependent post-translational modifications of nuclear proteins [16] , and specifically histones are critical for their function [17] .
Aged-associated protein carbonylation has been studied extensively. But histone carbonylation has been reported in few studies [18, 19, 20] . Thus, to further increase the awareness of this poorly known post-translational modification on histones, we decided to study protein carbonylation not in a model of cell aging but during cell proliferation.
It has been suggested that carbonylation in vivo is the result, at least in part, of glycation reactions favored by ADP-ribose accumulation in the nucleus [18] .
The (ADP-ribosyl)ation is a posttranslational modification of proteins that involves the addition of one or more ADP-ribose to different substrates [21, 22] and it constitutes an important redox epigenetic mark when it is produced on histones. These reactions are involved in cell signaling and in the control of many cell processes, including DNA repair and apoptosis [23, 24] . The (ADP-ribosyl)ation is catalyzed by ADPribosyltransferase enzymes, which transfer the ADP-ribose group from nicotinamide adenine dinucleotide (NAD+) onto acceptors such as arginine, lysine, glutamic acid, or aspartic acid residues in proteins. The transfer of multiple ADP-ribose groups to proteins to form long branched chains is called poly(ADP-ribosyl)ation [25] . This protein modification is carried out by poly(ADP-ribose) polymerases (PARPs), which are found in most eukaryotes, but not in prokaryotes or yeast [26] . The poly(ADPribose) structure is involved in the regulation of several cellular events in the cell nucleus, like DNA repair and telomere maintenance and, PARP expression and activity have been linked with GSH levels during cell cycle [27] . In addition, PARPs recognize the Okazaki's fragments of the lagging strand of newly synthesized DNA as single strand breaks (SSBs) to mark the histones present on it [23] [24] [25] [26] [27] [28] .
In this work, we report the dynamic changes of carbonylation and poly(ADPribosyl)ation of histones during different times of cell culture and how histone carbonylation decreases after nuclear proteasome activation, indicating that histone carbonylation may be a redox epigenetic mark to prevent the fatal event of histone accumulation. In addition, we describe for the first time a new methodology that we have called Oxy-2D-TAU Western blot, and apply it to study carbonylation in different histone variants.
Material and methods

Cell culture, growing curves and cell treatments
The NIH3T3 cell line was grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Invitrogen, San Diego, CA, USA) and 1% penicillin/streptomycin (Invitrogen, San Diego, CA, USA) in 5% CO 2 in air at 37 °C in 75 cm 2 flasks.
Cells were treated with 1 M of the proteasome inhibitor MG132 (Biomol, Enzo LifeScience, USA) during 4 h in order to ensure the inhibition of the proteasome avoiding collateral effects. The MG132 was added 24 and 48 h after seeding. For PARP inhibition experiments we used 3-aminobenzamide (3-ABA) (Sigma-Aldrich, USA).
This drug was added at final concentration of 5 mM, 3 h after seeding and maintained during 24 and 48h of cell culture.
The growth curve was obtained by counting directly the cells using hemocytometer chamber at 6, 24, 48, 72 and 120 h after plating.
Measurement of DNA synthesis. Cell proliferation studies
Proliferation of cell lines was determined with the "Cell proliferation ELISA BrdU colorimetric kit" (Roche Diagnostics, Manheim, Germany). Cells were cultured in a 96 wells plate at 6, 24, 48, 72, 120 h and processed according the manufacturer's protocol.
The absorbance of the colorimetric final reaction was measured with the spectrophotometer spectra MAXPLUS 384 (Molecular Devices, Sunnyvale, CA, USA) at 370 nm, using the absorbance at 492 nm as reference wavelength, in three intervals of 5 min. The variation of absorbance is proportional to the incorporation of BrdU. This value was refereed to the total cell content determined by the sulforhodamine B assay, which is used for cell density determination, based on the spectrophotometric measurement of cellular protein content [29] .
Histone extraction protocol
Nuclei and histones were isolated as described earlier [30] . Cell nuclei were isolated by hypotonic lysis in buffer containing 10 mM Tris-HCl, pH 8.0, 1 mM KCl, 1.5 mM MgCl2, 1 mM dithiothreitol, 0.4 mM phenylmethylsulfonyl fluoride, 1 mM orthovanadate, and 1 L/mL of protease inhibitors (Roche Diagnostics, Mannheim, Germany). Pelleted nuclei were acid-extracted using 0.4 N sulfuric acid overnight 4 ºC, precipitated with 99% trichloroacetic acid, washed with cold acetone, and resuspended in bi-distilled water.
Immunodetection of protein-bound carbonyl groups
To determine protein carbonyl groups, they were derivatized to 2,4-dinitrophenilhydrazone (DNP-hydrazone) by its reaction with 2,4-dinitrophenilhidrazine (DNPH), according to the procedure of Shacter et al. [31] . Briefly, 5 L of proteins were denatured with 5 L of 12% SDS. Then, 10 L of 10 mM DNPH in 10% (v/v) trifluoroacetic acid were added to the protein solution. The reaction mixture was neutralized and prepared for SDS/PAGE by adding 7.5 L of 2M Tris base containing 30% (v/v) glycerol. The derivatized samples were separated by electrophoresis in a 15% SDS-PAGE and transferred onto a nitrocellulose membrane.
Then, the membrane was blocked with 5% BSA in PBST for 1h, and incubated with anti-DNP antibody as described by the manufacturer of the Oxy-blot kit (OxyBlot Protein Oxidation Detection kit, Millipore Inc, Billerica, MA. USA).
Poly(ADP-ribosyl)ation studies
Poly(ADPribosyl)ated proteins were studied by Western blotting, using 10 µg of nuclear proteins or histones. The electrophoresis was developed under reducing conditions. After electrophoresis, the proteins were transferred onto nitrocellulose membrane (Whatman Protran, Dassel, Germany). Membranes were blocked in 5% (w/v) non-fat dry milk in TBS-Tween for 1 h at room temperature, and probed against the anti-PAR antibody (Calbiochem, San Diego, CA, USA) at the dilution of 1:1000 in 1% (w/v) non-fat dry milk TBS-Tween overnight at 4°C, and secondary antibody, goat anti-mouse IgG (Calbiochem, San Diego, CA, USA) conjugated to horseradish peroxidase, at 1:7500 in 1% (w/v) non-fat dry milk for 1 h at room temperature.
Detection procedure was performed using Amersham RPN 2106 ECL Western Blotting Detection Reagent (GE HealthcareBio-Sciences AB, Uppsala, Sweden). Images were captured in a Fujifilm LAS-600 and studied by ImageGauge 4.0.
2D-TAU Western blot to analyze histone poly(ADP-ribosyl)ation
2D-TAU gels were developed under two different conditions depending on the posttranslational modification analyzed. For 2D-TAU WB analysis of poly(ADPribosyl)ation, typical 2D-TAU gel was run as described previously by Shechter et al. [29] , with some modifications. Briefly, the histone extracts for each time were dried under vacuum and resuspended in loading buffer (6M urea, 0.02% (w/v) pyronin Y, 5% (v/v) acetic acid, 12.5 mg/ml protamine sulfate). First, samples were separated on TAU mini-gels (15% PAGE, 6 M urea, 5% acetic acid, 0.37% Triton X-100), 200V in running buffer (5% acetic acid) for 1h. The electrode switches were interchangeable in order to produce the migration of histones to the cathode. When the first dimension was finished, lanes containing the samples were cut out, conditioned in 0.125 M Tris, pH 6.6 and the TAU gel slice was assembled on top of a 15% SDS-PAGE mini-gel. After the run, the gel was transferred onto a nitrocellulose membrane (Whatman Protran, Dassel, Germany) and incubated with anti-PAR antibody as described above.
Oxy-2D-TAU Western blot to analyze histone carbonylation
The difference in the development of the Oxy-2D-TAU Western blots to study carbonylation modification on histones is based on the derivatization with DNPH of histones must be made after first dimension separation, as the charges of histones and histone variants must not be altered. Then, this new procedure differs in the second step.
After running the first dimension, slides were cut from mono-dimmensional TAU gel and then incubated in a solution of 10 mM of DNPH in a 10% solution of trifluoroacetic acid for 20 min. After three washes with bi-distilled water and 5 minutes of preconditioning with running buffer, derivatized slides for collected histones at 6, 24 and 120 hours of cell culture, were loaded in 15% SDS-PAGE and fixed with stacking gel as described in the previous classical 2D-TAU gel. After second dimension electrophoresis, we performed the transference onto a nitrocellulose membrane at 120 V for 1h. Then, the Oxy-2D-TAU membrane was blocked with BSA 5% in PBS (0.1% Tween) and incubated with anti-DNPH antibody, as described by the manufacturer of the Oxy-blot kit described (OxyBlot Protein Oxidation Detection kit, Millipore Inc, Billerica, MA. USA).
Analysis of proteasome activity
40 µg of soluble protein (nuclear or cellular) extracts were incubated with the Promega Proteasome-Glo Assay Reagent (Promega Bioscience, Madison, WI) for 10 minutes.
The chymotrypsin-like proteasome activity was detected as the relative light unit (RLU) generated from the cleaved substrate in the reagent using a luciferase coupled-reaction.
Luminescence generated from each reaction condition was detected with a Wallac 1420 VICTOR luminometer until saturation of the reaction. Activity was obtained as the slope of the linear increase of luminescence before reaching saturation and normalized with 19S (Rpn2) subunit content from total and nuclear protein extracts measured by Western blot (anti-Rpn2/S1, Biomol Research Labs; Exeter, UK ).
Statistical analysis
For the statistical analysis of the results obtained from proteasome activity assay, cellular GSH levels and DNA synthesis by BrdU incorporation, the mean was taken as the measurement of the main tendency, while standard deviation was taken as the dispersion measurement for three independent experiments. Quantification of western blots and coomassiee stained gels to normalize histone content was performed using ImageGauge V4.0 and ImageJ V1.41o (Wayne Rasband, NIH, USA).
A one way analysis of variance was used to establish the difference between 6, 24, 48 and 120h cultured fibroblasts. When an interaction effect was found, multiple comparisons using the Student-Newman-Keuls method post hoc test was performed using the GraphPad PRISM V5.0 (GraphPadSoftware, Inc). The alpha level for statistical significance was set at p<0.05.
Results
NIH3T3 cell proliferation
The NIH3T3 fibroblasts began proliferating 24 h after plating, and continued for the following 24 h (total time of culture 48 h). However, at 72 and 120 h cell proliferation decreased. Thus, fibroblasts reached the cellular confluence after 72h in culture (Fig.   1A) . We studied the growing curve profile of fibroblasts by counting the cells directly and by using BrdU incorporation to the DNA. Maximal DNA synthesis was observed at 24 h after seeding but it continued actively for another 24 h. Seventy two or more hours after seeding, DNA synthesis was low (Fig. 1B) .
As we described previously [13, 32] , maximal rate of cell proliferation at 24 h coincided with a peak of GSH levels, confirming that during cell proliferation there is an increase of cellular glutathione (Fig. 1C) .
Histone carbonylation increases during DNA synthesis
We measured histone carbonylation during cell proliferation by derivatizing of carbonyl groups formed in the histones using 2,4-dinitrophenylhidrazine.
Histone extracts were subjected to mono-dimensional WB ( Fig. 2A) showing that histone carbonylation increased at 24 h (Fig. 2B) , just when most cells underwent DNA synthesis (Fig. 1B) . Histone carbonylation decreased considerably 48 h after seeding.
At 72 and 120 h (at confluence) the carbonylation of histones further decreased ( Fig. 2A   and 2B ).
In addition, the results shown in Fig. 2 indicate that the most susceptible histones to carbonylation were the histone linker H1 and the histone dimers H3.
To confirm our results obtained by mono-dimensional WB and to clarify which histones may be modified by carbonylation, we developed a new methodology called Oxy-2D-TAU Western blot (see Methods). Fig. 3 shows that histone linker H1, its variant H1 o and H3.1 (and probably H3.2/H3.3) dimers were highly carbonylated 24 h after seeding.
This carbonylation did not take place when cells ceased dividing. Furthermore, H2A and H2B were not carbonylated.
Histone poly(ADP-ribosyl)ation does not correlate with histone carbonylation
We wondered whether differences in the proportion of the histone carbonylation correlated to poly(ADP-ribosyl)ation, since it was reported that in vivo carbonylation is the result of an accumulation of ADP-ribose inside the nucleus [18] .
Our results further indicate that most poly(ADP-ribosyl)ated histones were histone H1, H3 dimers, and histone H2B variant (Fig. 4A) . Histone H4 was not poly(ADPribosyl)ated (Fig. 4A) . We observed that histone poly(ADP-ribosyl)ation was maximal at 24h compared to confluence times of 72 and 120 h of cell culture (Fig. 4B) . At this time, in which histone poly(ADP-ribosyl)ation was maximal, cells were in an active phase of DNA synthesis (Fig. 1B) . Then, poly(ADP-ribosyl)ation decreased gradually at 72 h, and 120 h, although this post-translational modification continued high at these time points for H1 and H2B (Fig. 4A) .
Then, we focused our study on the different histone variants using 2D-TAU Western blot. According to mono-dimensional Western blot results (Fig. 4) , the highest intensity signals for histone poly(ADP-ribosyl)ation were at 24 h after platting. Results show (Fig. 5) that, most modified histones were histone H1, its variant H1 0 , histone H2B and interestingly, histone H3 variants H3.2 and H3.3 in their monomer and dimer forms, but not histone variant H3.1
H2AX phosphorylation and histone carbonylation are not related
Protein carbonylation also occurs as a consequence of oxidative stress [19] . We, thus, tested if it could be related to DNA double strand breaks using histone H2AX phosphorylation, because this post-translational modification marks DNA damage foci [33] [34] [35] [36] [37] .
We found the H2AX phosphorylation (at residue S139) followed a completely different pattern than histone carbonylation, increasing steadily from 6 h up to 120 h after plating ( Fig. 6A and 6B) , showing the highest levels at cell confluence.
Interestingly, our results indicate that, at least under our experimental conditions, histone carbonylation does not correlate with the increase of DNA damage marked by phosphorylation of H2AX.
Changes in total and nuclear proteasome activity during cell proliferation
To investigate the activation of the proteasome system, we isolated and prepared lysates of nuclei of 3T3 cells and total cell lysates at different times of cell culture. We observed a clear increase of cellular proteasome activity when cells were synthesizing DNA at 24h compared to confluence time of 120h (Fig. 7A) . Interestingly, nuclear proteasome activity was increased at 48 h (Fig. 7B) , just when histone carbonylation signal decreased (Fig. 2) .
Histone carbonylation is a mechanism by which histones may be recycled by the nuclear proteasome.
To analyze if activation of nuclear proteasome may be involved in removing the excess of histones present in the nucleus after the active phase of DNA synthesis, we studied the carbonylation of histones after inhibition of the proteasome with MG132 at 1 M.
At this dose, MG132 was not toxic for the cells and the cell viability was ≈95% after 4 hours in incubation (data not shown). An effective nuclear proteasome inhibition was obtained (Fig. 8A) . The results showed that histone carbonylation was maximal 24 h (Fig. 8B) . When the proteasome was inhibited with MG132 24h after seeding, we observed increased levels of carbonylated histones. Interestingly, the results obtained 48 h afterwards showed that carbonylated histones accumulated after nuclear proteasome inhibition (Fig. 8B) , just when they were removed under control conditions. These results confirmed that activation of the nuclear proteasome activity at this time was involved in histone detoxification.
Histone carbonylation is affected by histone poly(ADP-ribosyl)ation inhibition
Work by Ulrich et al. [20] showed that oxidized histones were effectively degraded by nuclear proteasome after its poly(ADP-ribosyl)ation mediated by PARP. In addition, Wondrak et al. described that accumulation of ADP-ribose in the nucleus is a potent histone H1 carbonylating agent [18] . Thus, to decipher if histones poly(ADPribosyl)ation is the reason for their carbonylation at proliferating times, we performed experiments with 3-ABA, a strong and specific inhibitor of PARP [20] . The cell viability was ≈97% after 24 and 48 hours of incubation with 3-ABA 5 mM (data not shown). After analyzing poly(ADP-ribosyl)ated histones, we observed that this posttranslational modification was reduced after 3-ABA treatment, mainly for H1 variants and H2B (Fig. 9A) . Then we evaluated the content of carbonylated histones after 3-ABA incubation. Interestingly, Fig. 9B shows that histone carbonylation was barely affected at 24 h. However, histone carbonylation was increased at 48 h when PARPs were inhibited by 3-ABA.
Discussion
Redox sensing mechanisms play important roles in the nucleus and glutathione appears to be an essential molecule in the control of cell proliferation [16, 17, 35] .
Epigenetic signals are sensitive to cellular environment [36] . It is generally considered that acetylation/deacetylation of histone tails play a crucial role in modulating gene expression by masking and unmasking positive charges of Lys residues that in turn influence the interaction of histones with DNA [37] . Similar to this modification, which is enzymatically reversible, carbonylation occurs mostly in Lys and Arg residues nonenzymatically; or by reaction with aldehydes produced as a result of lipid peroxidation or sugar oxidation [38] [39] [40] . Furthermore, the existence of peptidyl lysil oxidases (LOX) within the nucleus has been described [41] which interestingly, could modify histone H1 in vitro [42] .
1.-High histone carbonylation when cells are proliferating
Our results indicated that when most cells were in an active phase of DNA synthesis (Fig. 1A and 1B ) after 24h of cell culture and high GSH levels were present inside the cells (Fig. 1C) , histone carbonylation was high (Fig. 2) , mainly for histone H1, H1 0 , and H3 dimers. We confirmed the high susceptibility of linker histone H1 to be carbonylated, as was previously described [18, 19] .
Using a new method called Oxy-2D-TAU Western blot, we studied the carbonylated histone variants (Fig. 3) . Our results demonstrated that most carbonylated histones were histone linker H1, its variant H1 0 , and the histone dimers for histone H3.1, H3.2, and H3.3 (Fig. 3) . Interestingly, Oxy-2D-TAU Western blot demonstrated that histone H3 variants can be carbonylated in vivo, contrarily to the results obtained by Sharma et al. in which histone H3 was only carbonylated in in vitro experiments [19] .
Carbonylation masks positive charges of basic amino acids (Lys and Arg residues)
changing the chromatin compaction. Thus, histone H3 variants may have been more exposed during the DNA replication process. Another possibility is that higher carbonylation of histones during proliferation may serve as a reactive oxygen species scavenger, as was proposed for young rats in the studies developed by Sharma et al. [19] . These authors observed that contrary to the general view, histone proteins were more carbonylated in young than in old rats [19] . In accordance with these reports, we propose that histone carbonylation may act as a shield and thus scavenge the reactive oxygen species with the specific aim of protecting the DNA. This function was previously reported, by Enright et al., since nucleosomal histones might protect DNA from iron-mediated damage [43] .
Carbonylation was described to be a consequence of poly(ADP-ribosyl)ation [18] . The accumulation of ADP-ribose within the nuclei could induce a glycation reaction that eventually produces carbonylation [18] . Our results showed that histone poly(ADPribosyl)ation was higher at 24 h than at other culture time points (Fig. 4 ) just when PARPs are described to act after recognition of single strand breaks (SSBs) [44] .
Histone carbonylation was increased at 24 h and it occurred at the same time as poly(ADP-ribosyl)ation. However, the pattern for histone carbonylation (Fig. 2) does not coincide with poly(ADP-ribosyl)ation (Fig. 4) . These differences were found in particular histones. In that way, H1, H3 variants, H3 dimers and H2B were poly(ADPribosyl)ated. But, only histone H1 and H3 dimers were carbonylated (see Fig. 2A and Fig. 4A ). Histone poly(ADP)ribosylation decreased at cell confluence times (Fig. 4) , while histone carbonylation was low at all cell culture times except at 24 h (Fig. 2) . The results for poly(ADP-ribosyl)ation agree with previous results reported by Tanuma et al. The authors observed that poly(ADP-ribosy)ation occurred at all stages of cell cycle [44] .
Thus, our results suggested that carbonylation and poly(ADP-ribosyl)ation was related only during the DNA synthesis phase, since the maximal peak for carbonylation and poly(ADP-ribosyl)ation was observed at 24h, for histone H1 and H3 dimers. , and H3 dimers. Furthermore, we suggest that there is a relation between carbonylation (Fig. 3) and poly(ADP-ribosyl)ation (Fig. 5) 
2.-Oxy-2D-TAU Western blot, a new tool to study carbonylation in histones
3.-γ-H2AX and histone carbonylation are not associated during cell proliferation
Carbonylation could be produced as consequence of DNA damage. However, we should emphasize that this model of histone carbonylation is not a model of cell aging but of cell proliferation. As expected, γ-H2AX levels were low during the DNA synthesis and were increased when the DNA synthesis was low (Fig. 6) . It is known that cell cycle is a redox cycle [45, 46] and we previously reported high GSH content into the cell nucleus when most cells were in the S phase [13] , decreasing to the lowest levels when most fibroblasts were in the G0/G1 phase of the cell cycle. Then, the low cellular GSH levels (Fig. 1C) would make the DNA more susceptible to DNA damage, which could explain the increase of γ-H2AX mark (Fig. 6 ). Our experimental model did not show any correlation between histone carbonylation and γ-H2AX levels.
4.-Carbonylation of histones as a mark for its degradation by the proteasome
Cells have developed mechanisms to reduce oxidative damage to DNA during replication [47] , and histones and their ability to condense the chromatin appear as an optimal instrument to scavenge reactive oxygen species and protect DNA [43] .
However, the expression of histones should be stoichiometrically coupled to DNA replication, presumably because of their toxicity [48] . However, it is known that histones are expressed in higher amounts during S phase [49] [50] [51] and higher amounts of histones may result in toxicity for the cells [52, 53] . Thus, we consider that aside of their chemical role as protection of the integrity of DNA, described by Sharma et al. [19] and in the present report; the histone carbonylation process is a mark for their degradation or recycling.
Our results indicate that total proteasome activity was higher (Fig. 7A) during DNA synthesis (Fig. 1B) , probably recycling the excess of synthesized histones by ubiquitination-dependent mechanism. Furthermore, nuclear proteasome activity was activated at 48 h (Fig. 7B) , just when carbonylated histone levels decreased (Fig. 2) , suggesting that activation of nuclear proteasome may be involved in removing the excess of histones present in the nucleus, thus may be involved in the detoxification of excess of histones.
An elegant work published by Grune's group revealed that the proteolitic activity of the proteasome increased via poly(ADP-ribosyl)ation, and this activation enhanced the selective degradation of oxidatively damaged histones [54] , explaining that carbonylation of histones may serve as a mark for histone degradation by the proteasome. Grune's group found that the degradation of poly(ADP-ribosyl)ated histones was poorly efficient in their model [54] . The present results indicates that the conversion of poly(ADP-ribosyl)ation to carbonylation is necessary for an efficient detoxification process of the excess of some histones produced during S phase, that results toxic for cells [55] .
In order to demonstrate if activation of nuclear proteasome is involved in removing the excess of histones present in the nucleus after the active phase of DNA synthesis, we reevaluated our data using the chemical inhibitor of the proteasome MG132 at 1 M.
This dose of MG132 was effective in inhibiting nuclear proteasome (Fig. 8A) and our results show that histone carbonylation increased after such inhibition (Fig. 8B) .
Interestingly, when it was inhibited we observed carbonylated histones at 48 h, just when they would have been removed under control conditions (Fig. 8B) . These results confirm that activation of the nuclear proteasome activity at 48 h is necessary for histone detoxification and further confirm our hypothesis that nuclear proteasome may be involved in the detoxification of an excess of histones produced after the DNA synthesis.
To establish whether histone poly-(ADP-ribosyl)ation is the reason for carbonylation of histones as proposed by Wondrak et al. [18] , we proceeded to inhibit PARPs with 3-ABA, a strong and specific inhibitor of PARP [20] . After 3-ABA treatment, poly-(ADP-ribosyl)ation levels of histones were decreased (Fig. 9A) . Then we analyzed the histone carbonylation levels and observed that they were increased at 48 h when PARPs were inhibited by 3-ABA (Fig. 9B) . This result suggests that carbonylation was not mainly a consequence of poly(ADP-ribosyl)ation as Wondrak proposed [18] . Interestingly, pioneer work by Ulrich et al. [20] showed that oxidized histones were degraded by the nuclear proteasome after the poly(ADP-ribosyl)ation of proteasome mediated by PARP-1. Thus, as we deduced from Fig. 9A and 9B, PARP activity may be critical for the correct function of nuclear proteasome by facilitating the degradation of carbonylated histones.
These results agree with those obtained by Grune's group in which nuclear proteasome is activated by PARP-1 [20, 56] , and further support the idea that inhibition of PARP up-regulation by 3-ABA may abolish proteasome activity in proliferating cells, as was previously described for proliferating leukemia cells [57, 58] . Although these results do not rule out that carbonylation is a consequence of poly(ADP-ribosyl)ation of histones, the increase of histone carbonylation after 3-ABA treatment further suggests the possibility of the involvement of additional mechanisms for histone carbonylation, and one of these mechanisms could be mediated by lysyl oxidases (LOXs) [42] .
Thus, a harmonious and correct interaction between PARPs, histone poly(ADPribosyl)ation, histone carbonylation, nuclear proteasome activation and probably LOXs is necessary for the correct histone detoxification process after DNA synthesis.
Conclusion
We propose that histone carbonylation is a post-translational histone modification directly related to cell proliferation and histone degradation (Fig. 10) . This modification may be linked with poly(ADP-ribosyl)ation, although this is not the main process that can produce histone carbonylation (e.g H3.1 variant). Here we demonstrate that the histone carbonylation process is not linked to γ -H2AX, a mark related to DNA double strand breaks signaling. Our findings show that histone carbonylation is a physiological process produced when cells are in an active phase of cell proliferation (Fig. 10A), suggesting that histones may act as a shield against oxidative species in order to protect the integrity of the DNA during DNA synthesis phase. In addition, carbonylation may be a signal related to the detoxification process in order to eliminate the excess of histones in the nucleus by the poly(ADP-ribosyl)ated "activated" nuclear proteasome, produced during S phase or just when cells decrease the rate of DNA synthesis (Fig.   10B ). This process may complete the histone detoxification mechanisms inside the nucleus in order to avoid the side effects produced by excess of histones [52] [53] . On the other hand, the use of a new methodology "Oxy 2D-TAU Western blot" to identify the carbonylated histone variants will improve the study of the chromatin structure and nuclear detoxification processes.
The physiological implications of histone carbonylation may help us to understand the prominent role of this modification in epigenetics and chromatin remodeling. Finally, our results corroborate the idea that inhibition of PARPs, is a feasible strategy to increase cytotoxicity because it induces the accumulation of carbonylated histones after nuclear proteasome down-regulation. Extracted histones were separated using a TAU gel. After the first dimension separation, histones were derivatized using DNPH (10 mM) acid solution. Then, the lanes for each condition were cut and the strips were deposited in a 15% SDS-PAGE for the second dimension. After electrophoresis, the gels were transferred onto nitrocelulose membrane. Membranes were blocked and then incubated with anti-DNP primary antibody. Carbonylated histone patterns were compared at the different times of cell culture. Coomassie blue stained gel of extracted histones (right) is the same gel after the transference of the proteins to the nitrocellulose membrane. 
